ABSTRACT: The optimization of synthetic pathways is a central challenge in metabolic engineering. OptSSeq (Optimization by Selection and Sequencing) is one approach to this challenge. OptSSeq couples selection of optimal enzyme expression levels linked to cell growth rate with high-throughput sequencing to track enrichment of gene expression elements (promoters and ribosomebinding sites) from a combinatorial library. OptSSeq yields information on both optimal and suboptimal enzyme levels, and helps identify constraints that limit maximal product formation. Here we report a proof-of-concept implementation of OptSSeq using homoethanologenesis, a two-step pathway consisting of pyruvate decarboxylase (Pdc) and alcohol dehydrogenase (Adh) that converts pyruvate to ethanol and is naturally optimized in the bacterium Zymomonas mobilis. We used OptSSeq to determine optimal gene expression elements and enzyme levels for Z. mobilis Pdc, AdhA, and AdhB expressed in Escherichia coli. By varying both expression signals and gene order, we identified an optimal solution using only Pdc and AdhB. We resolved current uncertainty about the functions of the Fe 2+ -dependent AdhB and Zn 2+ -dependent AdhA by showing that AdhB is preferred over AdhA for rapid growth in both E. coli and Z. mobilis. Finally, by comparing predictions of growth-linked metabolic flux to enzyme synthesis costs, we established that optimal E. coli homoethanologenesis was achieved by our best pdc-adhB expression cassette and that the remaining constraints lie in the E. coli metabolic network or inefficient Pdc or AdhB function in E. coli. OptSSeq is a general tool for synthetic biology to tune enzyme levels in any pathway whose optimal function can be linked to cell growth or survival.
ngineering metabolic pathways to maximize intracellular metabolic flux toward products of interest is a central design objective for synthetic biology. 1 A key challenge in achieving this goal is identifying optimal expression levels for relevant enzymes in a pathway so as to remove bottlenecks in metabolite flux, 2 limit diversion of metabolites away from essential cellular processes, 3 and avoid accumulation of toxic intermediates 4 while minimizing the energetic cost of synthesizing necessary enzyme levels. 5 Widely different catalytic efficiencies, allosteric interactions, substrate channeling, multiple substrate dependencies, enzyme localization, and other effects often complicate simple prediction of optimal intracellular enzyme levels based on in vitro kinetic parameters. 6, 7 Additionally, expression of exogenous enzymes for a synthetic pathway competes for resources needed for cell growth and viability, including transcriptional and translational capacities, energy supplies, and molecular building blocks. 8−10 Excess expression of synthetic pathway enzymes can reduce cell growth and viability; 5, 11 therefore, optimal enzyme levels for a synthetic pathway must balance flux through the targeted pathway with requirements for these other cellular processes. Most strategies to optimize enzyme levels for these trade-offs either have varied gene expression elements to achieve rationally predicted enzyme expression levels 4, 12, 13 or have screened combinations of enzyme expression levels to identify optima through individual testing.
14−19 These approaches have varied gene expression using libraries of ribosome-binding sites (RBSs), 15, 18, 19 promoters, 13 intergenic untranslated elements, 17 or combinations of these elements. 16 Another approach to enzyme-level optimization is to tie expression to a key metabolite or product using feedback control with a ligandresponsive transcription factor, which enables dynamic control. 20, 21 The dynamic control approach is especially wellsuited to varying operon expression in response to varying conditions, whereas combinatorial optimization is well suited to finding optimal ratios of enzymes in a multistep pathway.
A common issue with all combinatorial optimization approaches is the exponential increase in numbers of variants that must be evaluated to find the optimum, sometimes referred to as a "combinatorial explosion".
14 For example, an optimization problem involving 5 gene expression elements (e.g., 4 RBSs and a promoter), each with 10 possible expression levels, has 100,000 possible cases to test−more than an order of magnitude higher than screening approaches using individual assays have been able to evaluate (<10 4 cases). 15 Several studies have dealt with this increase in numbers of test cases by utilizing sparse sampling, 19, 22 sometimes in concert with computational prediction of optimal enzyme levels and RBS activities.
14, 18 Combined with design of experiment methodologies, 23 such strategies can help navigate extensive expression spaces. Additionally, optical screening of colonies or cells (e.g., using colored or fluorescent reporters or cell sorting) 15, 24 can simplify screening to enable evaluation of more variants. Multiplexed automated genome engineering (MAGE) can screen even larger numbers of combinations using iterative rounds of oligo-mediated recombineering, 25, 26 but can accumulate off-target mutations that may be difficult to identify.
Another approach to identifying optimal enzyme expression levels in a combinatorial library is to use a growth or viability selection to enrich for the desired combinations (e.g., directed evolution). These approaches require coupling of metabolite production or another desired phenotype to cell growth or survival. For instance, Dietrich et al., 27 Raman et al., 28 and Eckdahl et al. 29 utilized sensors of target metabolites to drive antibiotic resistance genes, and picked resistant strains through growth selection. These growth-or survival-coupled approaches have the advantage of efficiently balancing diverse cellular constraints when identifying optimal enzyme levels. Further, they can find optima despite the inexactness of RBS and promoter strength predictions 30, 31 and unexpected effects on expression from translational coupling, operon polarity, or mRNA structures.
15,32−34 However, such methods yield less information on the selective pressures on enzyme expression levels or sequence elements, and thus less information on constraints limiting maximum productivity.
One way to increase the information obtained in a selection or enrichment is to combine it with high-throughput sequencing (HTS) to interrogate populations for gene expression elements present throughout selection as well as after optimal growth or survival has been achieved. When applied to parallel evolution or selection experiments, this approach has the advantage of determining whether a single optimal solution exists or if multiple different combinations can equivalently satisfy selective pressures. We devised an approach to combine growth selection for identification of optimal expression levels of enzymes in a synthetic pathway with HTS to evaluate the selection of optimal expression element sequences. This approach, which we termed OptSSeq (for Optimization by Selection and Sequencing), relies on selective pressure resulting from coupling metabolic flux to growth rate and on Illumina short-read HTS to monitor enrichment of optimal expression elements within combinatorial libraries of promoters and RBSs that create diverse expression levels for enzymes in a pathway ( Figure 1 ).
To explore use of OptSSeq, we applied it to the homoethanol pathway derived from Zymomonas mobilis ( Figure  2A ) and expressed in Escherichia coli. 35 This pathway is attractive as a test case because it is simple, easily expressed in and readily coupled to E. coli cell growth, and has important unsolved questions about optimal levels of enzymes. The Z. mobilis homoethanol pathway has been studied by Ingram and co-workers in E. coli using synthetic two-or three-gene operons consisting of pdc encoding pyruvate decarboxylase (Pdc), adhA encoding Zn 2+ -dependent alcohol dehydrogenase I (AdhA), and adhB encoding Fe 2+ -dependent alcohol dehydrogenase II (AdhB). 36 Pdc catalyzes decarboxylation of pyruvate to acetaldehyde, releasing CO 2 . 37 AdhA and AdhB use NADH to reduce the acetaldehyde to ethanol. 6, 38 Fermentative (anaerobic) glycolysis generates one ATP and one NADH per pyruvate, and the homoethanol pathway recycles one NADH per pyruvate to enable a redox-balanced pathway for (1) Libraries of gene expression elements (Promoters and RBSs) are designed to span a wide range of expression levels (transcription and translation initiation rates) and amplified into DNA fragments. ( 2) The library-containing DNA fragments are linked together by combinatorial Gibson assembly. ( 3) The expression library plasmids are transformed into a strain in which optimal expression of the genes will be linked to the rate of cell growth, and the fastest growing strain variants are growth-enriched. (4) The sections of the cassettes containing gene expression elements (promoters and RBSs) are sequenced by high-throughput sequencing (HTS); the analyzed results are used to determine the optimal gene expression elements for the expression cassette.
ATP generation. 35, 36, 39 When its natural pathways for mixedacid fermentation are inactivated, E. coli containing the homoethanol pathway becomes dependent on its function for fermentative growth under anaerobic conditions (Figure 2A ).
Ingram and co-workers identified high levels of Pdc expression as important for efficient ethanologenesis, 40 showed that pdc and adhB are sufficient for rapid ethanologenesis in E. coli, 35 and also showed that strong rRNA promoters driving a pdc-adhB-adhA operon could enable faster fermentative growth. 36 However, questions remain about the optimal levels of Pdc and Adh activities for rapid ethanologenic growth, 41, 42 particularly the optimal ratio of Pdc to Adh, and it is unclear how highly these enzymes can be expressed before the cost of protein synthesis limits cell growth rate. 5, 41, 43 Additionally, either AdhA 7, 38, 44 or AdhB 6 has been proposed to be the principal enzyme for the reduction of acetaldehyde during ethanologenic growth in Z. mobilis, and available kinetic data make it difficult to predict which enzyme would work best for ethanologenic growth in E. coli. 6, 38 To address these questions and as a test case for OptSSeq, we applied the method to optimize the expression of homoethanologenic enzymes in E. coli.
■ RESULTS AND DISCUSSION
Strategy for OptSSeq of the Homoethanol Pathway. OptSSeq requires linkage between microbial growth or survival and efficient function of a pathway to be optimized. To optimize the homoethanol pathway, we established this linkage by disabling the native mixed-acid fermentative pathways of E. coli and making homoethanologensis the only way to recycle NADH during anaerobic sugar catabolism (Figure 2A) . 36, 39 Flux balance analysis using the metabolic model iJR904 for E. coli MG1655 45 predicted that the set of E. coli gene deletions used by Yomano et al. 36 of ackA encoding acetyl kinase, ldhA encoding lactate dehydrogenase, adhE encoding alcohol/ acetaldehyde dehydrogenase, and frdA encoding fumarate reductase would establish the desired growth dependence on ethanol fermentation ( Figure S1A ; Methods). Starting with an ilvG + rph + -pyrE + f lhD + derivative of MG1655 that grew well anaerobically in minimal glucose media (RL3000; Methods), we introduced Keio deletions 46 to remove ldhA, ackA, f rdA, and adhE. The resultant strain (RL3019 ; Table S1 ) grew anaerobically on glucose only when supplied with plasmid-borne sources of the homoethanologenesis pathway (pPBwt or pPBAsyn; Figure 2B ). pPBwt contains the Z. mobilis pdcadhB gene cassette from the ethanologenic E. coli strain KO11 47 inserted in pBBRMCS-5 48 and driven by P lacZ . pPBAsyn contains E. coli codon-optimized Z. mobilis pdc-adhBadhA in pBBRMCS-5 and driven by P dps100 49 and P ydf Z 50,51 (Table S1 , Figure 2B ; Methods). Both pPBwt and pPBAsyn use RBSs from the native Z. mobilis genes and yield ethanol as a major fermentative product, as predicted by iJR904 ( Figure  S1A , B).
To determine optimal levels of Pdc, AdhB, and AdhA and whether one or both of AdhB and AdhA was preferred, we designed and constructed combinatorial libraries of four different operon configurations: pdc-adhB-adhA (PBA), adhAadhB-pdc (ABP), pdc-adhB (PB), and pdc-adhA (PA) ( Figure  3A ). Individual enzyme levels were varied using degenerate libraries of 12 pdc RBS variants, 16 adhB RBS variants, and 12 adhA RBS variants that spanned 2−3 orders of magnitude of predicted translation initiation rates (TIRs) 30 (Methods, Figure  3A , C; Table S3 ). Overall cassette transcription was varied using minimal sequence variations in the −35, −10, and discriminator regions of a consensus E. coli σ 70 promoter ( Figure 3A ). These variations allowed us to test 72 different promoters that we classified into "strong", "medium", and "weak" based on calculated similarity scores to consensus (CSS; Methods, Figure 3A , C). 52, 53 Promoter strength predictions made using calculated RNAP binding strengths 31 spanned a ∼40-fold range from weakest to strongest promoter, and correlated well with both CSS (Table S4 ; Methods) and direct measurements of strengths for a subset of the promoters (Table  S6 ; Methods).
To construct degenerate plasmid libraries, promoter DNA fragment libraries were generated by PCR of a set of overlapping oligonucleotides degenerate at positions of sequence variation (Table S2) . 54 RBS-gene DNA fragment libraries were amplified using degenerate PCR primers and the codon-optimized versions of pdc, adhB, and adhA from pPBAsyn as templates. 55 Plasmid libraries with the four different operon configurations were constructed from the promoter and RBS-gene fragments and a pBBR spectinomycinresistance plasmid backbone by Gibson assembly (Figure 3A ; Methods). 48, 56 Transformation yielded between 2 × 10 5 and 6 × 10 5 plasmid variants from the different libraries, which was predicted to give near complete coverage of the theoretical library diversity of 0.1−1.7 × 10 5 variants (Table 1) . HTS of the recovered plasmid libraries verified roughly uniform 52, 53 for the 72 promoter variants and predicted translation initiation rates (TIRs) 30 for RBS variants. Expression element variants are ordered into strong (green), medium (yellow), and weak (red) categories. A representative variant (pAPB1) found after 3 rounds of enrichment for the APB library is circled on the plot, with the precise sequence of this isolate shown under the plot. To subject the expression-level and configuration variants to selective pressure for optimal performance, we transformed each plasmid library into the fermentation-deficient strain RL3019 and performed duplicate enrichments of the transformants for faster growing variants in minimal media containing 1% (w/v) glucose (MMG-1) anaerobically for a total of 10 generations by three serial dilutions of actively growing cultures from an apparent OD 600 of ∼0.05 to ∼0.5 (Methods; e.g., ABP replicate 1, Figure 3B ; Figure S2 , Table  S5 ). Selections were limited to 10 generations to avoid accumulation of chromosomal mutations capable of increasing the growth rate, which could have compromised selection for optimal expression of pdc, adhA, or adhB (previous studies revealed minimum accumulation of such mutations in 10 generations). 57 We limited the maximal cell density to OD 600 ∼ 0.5 to keep ethanol levels below 0.1% and thus minimize selective pressure from ethanol toxicity or allosteric effects of ethanol on AdhB (activation) or AdhA (inhibition). 38, 58 Plasmid populations were recovered at the end of each passage of growth enrichment.
To confirm that we selected principally for cells with higher ethanol production rates, we measured growth rates and glucose-to-ethanol conversion rates after each passage as well as individual isolates from the final population. We observed significant increases in the growth rate of each population with corresponding increases in ethanol yields and production rates (Table S5, Figure S2 ). Fermentative profiles of strains containing optimized plasmids isolated after growth selection were close to those predicted by the iJR904 metabolic model (84% yield; Figure S1A ). For example, pPB1 (an isolate from growth selection replicate 1 of PB cassette containing plasmids) gave rise to a growth rate of 0.24 ± 0.01 h −1 , an ethanol production rate of 13.3 ± 1.3 pmol s −1 μg −1 total cell protein (TCP), and an ethanol molar yield of 83% from glucose (Table 3, Figure S1C ). Although direct comparisons are problematic due to differing strain backgrounds and fermentation conditions, 47, 59 the ethanol production rates of our optimal strains exceeded those reported previously for other engineered 47 or LW06 59 in AM1 medium). To determine the optimal promoter and RBS variants enriched in the growth selections, we PCR-amplified DNA fragments containing promoters and RBSs from each stage of selection and subjected amplicons to HTS using Illumina 250-bp reads (Table S2 ; Figure S3 ; Methods). Selection was assessed by calculating the number of reads for each promoter or RBS variant relative to the unenriched population. This assessment revealed a progressive enrichment for a smaller set of gene expression elements as the growth selection progressed (Figure S4, S5 ; e.g. ABP1 shown in Figure 4) .
To quantify the extent of selection for promoters and RBSs, we calculated the fractional representation of each of the sequence variants in their constituent libraries using a "degree of enrichment" statistic, E x (Methods). E x describes the extent of selection among variants in a library of a sequence element x (promoters or RBSs), and varies from E x = 0 for a uniform population with fractional representation of each gene expression element variant unchanged from the starting distribution, to E x = 1 for a completely enriched population containing a single variant. E x is influenced by the number of generations the expression library has undergone growth selection, and the relative performance difference or similarity of elements in the library. In each growth selection, we found that E promoter , E pdcRBS , E adhARBS, and E adhBRBS increased over the course of multiple passages, indicating a decrease in the heterogeneity of each library, with some libraries approaching a single element (e.g., ABP1, E promoter = 0.99; Figures 4A ) and others exhibiting significant but less enrichment (e.g., PBA1, E promoter = 0.27; Figure 5B ). The pattern of sequence enrichment occasionally differed between the two growthselection replicates (e.g., promoters and pdc RBSs in PA replicates 1 and 2; Figure 5B , C), likely because roughly equivalent solutions were selected stochastically.
Submaximal Strength, Near-Consensus Promoters Maximized Ethanologenic Growth Rate. To define the 52,53 adhA RBSs (B), adhB RBSs (C), and pdc RBSs (D) are ordered based on predicted TIRs. 30 The degrees of enrichment (E x ; Methods) for each step in the enrichment are shown in the plots below the heat maps. Increasingly dark shades of blue correspond to increasingly large fractional representations of a particular sequence in the library from 0% (white) to 50% (dark blue); magenta, >50% fractional representation. Asterisks (*) indicate expression elements present in isolates chosen for further characterization.
optimal promoter for transcription of the ethanologenesis cassette, we examined CSSs and predicted RNAP binding strengths of the enriched promoter sequences (Table S4) . 31, 53 Although the consensus promoter (TTGACA---TA-TAATGGG; CSS = 1.00) had the highest predicted binding strength, we observed predominant enrichment for nearconsensus promoter variants (e.g., ABP1, TTGACA---GA-TAATGGG; Figures 4, 5, and S4; Table S4 ). As expected for enrichment for a particular promoter strength, we observed coselection of −35 and −10 sequence elements [either consensus −35 TTGACA with a near-consensus −10 (G/ C)ATAAT (PBA and ABP), or a near-consensus −35 TTGATA/TTTACA with a consensus −10 TATAAT (PBA and PB)]. For the PA cassette, promoters with nonconsensus deviations in both −35 and −10 elements were enriched (TTTACA---(G/C)ATAAT; Figures 5B and S4; Table S4 ). Overall, the promoters enriched in cassettes expressing adhA are predicted to bind RNAP more weakly than promoters enriched in cassettes expressing adhB ( Figures 5B and S4) .
In most cases, the discriminator element exhibited the least enrichment, and thus appeared to experience lesser selective pressure ( Figure S4B ). This finding is consistent with the idea that the −35 and −10 elements predominately determine rates of transcription. 31, 60 Cassette ABP was an exception where promoter ID #14 with the discriminator GGG was highly enriched along with a consensus −35 and near-consensus −10 (GATAAT) in both replicates of growth selection. The GGG discriminator enhances open complex stability of some promoters up to 10-fold though a contact to σ 70 region 1.2.
60
It is possible that the location of pdc last in the operon increased selective pressure, resulting in tuning the promoter to a higher strength that enriched for the GGG discriminator. Optimal levels of ethanologenesis enzymes from expression cassettes were achieved by near-consensus, but not consensus promoters. To confirm that the selection of near-consensus promoters reflected an optimal expression level that was less than maximal, we measured promoter strengths by using an red fluorescent protein (RFP) whose expression was driven by a subset of test promoters compared to green fluorescent protein (GFP) expressed from a control promoter on the same plasmid (Tables S1 and S6; see Methods). Our measurements confirmed that the consensus promoter #1 drove the highest rates of expression, whereas the near consensus promoters enriched in our selections drove lower but still strong levels of expression (e.g., promoters #15 selected in PBA1 and #25 selected in PB1 gave ∼24 and ∼7 arbitrary expression units, AU, relative to 100 AU for consensus promoter #1; Table S6 ; Figure 5B ). Weaker promoters with significant deviation from consensus (e.g., promoter #33) were consistently eliminated during our selections. Our results thus establish that ethanologenic cassettes with promoters driving strong but not maximal rates of transcription support the fastest ethanologenic growth.
Since compensatory combinations of promoters and RBSs could yield similar enzyme expression levels (e.g., a stronger promoter with weaker RBS could be equivalent to a weaker promoter with a stronger RBS), we wondered if promoters were coenriched with specific RBSs. OptSSeq allowed us to examine possible coselection of promoters with pdc RBSs (PBA, PB, and PA) or with adhA RBSs (ABP) that would indicate a requirement to fine-tune expression levels of 5′-proximal genes in their respective operons. Instead, we observed that similar near-consensus promoters were enriched equivalently for pdc and adhA RBSs of different predicted strengths ( Figure S6 ). Thus, combinations of promoters and 5′-proximal RBSs were not subject to compensating selective pressure in our experiment. Instead, requirements imposed by expression levels of genes not directly downstream of promoters (i.e., adh genes for PBA, PB, and PA, and pdc or adhB for ABP) appear to generate sufficient selective pressure on promoter sequences to limit promoter-first gene RBS coselection.
Optimal pdc RBSs Deviated from Predictions but Had Maximal Actual Strength. We next asked if pdc RBSs enriched during growth selection were less than maximal strength, as suggested by the TIR predictions, 30 or if the strongest RBSs differed somewhat from the TIR predictions. The highest E pdcRBS was seen for the ABP library where pdc RBS#4 was >98% of the enriched population ( Figures 4D and  S5A ). The same pdc RBS#4 was also significantly enriched in the PBA and PB, whereas pdc RBS#3 was enriched in PA ( Figures 5C and S5A ). Values of E pdcRBS were lower for PBA, PB, and PA cassette configurations, and there was minor variability between replicates of growth selection. RBS#3 and RBS#4 were predicted to be weaker by factors of ∼8 and ∼20, respectively, compared to the strongest predicted pdc RBS#1 (Table S3) .
To determine the actual strengths of the selected pdc RBSs, we identified a set of plasmids (Table S1 ) that encoded the same promoter (Promoter#37) with pdc RBSs#1−4, and then measured the Pdc levels produced by these plasmids using antiPdc Western blots (Table S7 ; Methods). Interestingly, pdc RBS#3 and RBS#4 drove expression of significantly higher Pdc levels than RBS#1 and RBS#2 (210,000−260,000 Pdc/cell vs 130,000−160,000 Pdc/cell), reflecting modest inaccuracy of the RBS TIR predictions. 30 These Pdc levels were validated by measuring σ 70 levels in the same cells (1800−3500 σ 70 /cell in anaerobic MMG-1 medium; compared to 4700 ± 2400 σ 70 /cell reported for MG1655 grown aerobically in MMG-1, 61 and 2900 ± 700 σ 70 /cell measured for aerobically grown RL3000; Table S8 ). Thus, growth rate selection enriched for the strongest pdc RBSs (#3 and #4; Figures 4D and S5A ), but selected Pdc levels were submaximal due to the near consensus promoters coselected with the RBSs (see previous section).
Fe 2+ -Dependent AdhB Is Preferred over Zn 2+ -Dependent AdhA for Ethanologenic Growth. To determine whether AdhA, AdhB, or both would best support growthlinked ethanologenesis in E. coli, we investigated the predicted strengths of adhB and adhA RBSs enriched in cassettes PBA and ABP during growth selection. Strong predicted adhB RBSs and weak predicted adhA RBSs ( Figure 4A , D, and E) were present in populations of optimal strains. To verify that this result reflected selection of high levels of AdhB and low levels of AdhA, we measured AdhA and AdhB levels in optimal strain isolates from enriched libraries using anti-AdhA and anti-AdhB Western blots ( Figure S9B and C, Table 3 ; Methods). Representative strain isolates containing optimal PBA and ABP cassettes consistently expressed high levels of AdhB (36,000−47,000 AdhB/cell), whereas levels of AdhA varied from 170,000 AdhA/cell (pPBA2) to undetectable (pABP plasmids; Table 3 ). More generally, the PBA and ABP growth enrichments selected the strongest predicted adhB RBS and 
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Growth rate TCP; Table 3 ), indicating that coexpression of AdhA and AdhB is not required to ensure maximal ethanologenesis. This result contrasts with the suggestion of Yomano et al. that both AdhB and AdhA may be needed for maximal rates of ethanologenesis in E. coli. 36 Our data also establish that a ratio of one AdhB to five Pdc enzyme molecules (29,000 AdhB to 170,000 Pdc/cell for pPB1; Table 3 ) permits maximal ethanologenic growth and this ratio must be sufficient to avoid accumulation of acetaldehyde to toxic levels. 62, 63 In contrast to ABP or PBA, the PA library yielded strong predicted adhA RBSs upon growth rate enrichment ( Figure 5A , D, and E). The resulting plasmids supported growth and ethanologenesis but not the maximal rates (e.g., pPA2, 0.22 ± 0.01 h −1 and 8.9 ± 1.2 pmol EtOH s Table 2 ). Although these rates were close to those enabled by pPB1, the levels of AdhA from pPA plasmids were significantly higher than AdhB from pPB plasmids (307,000−344,000 AdhA vs 29,000−69,000 AdhB/cell; Table 3 ). These observations establish that AdhA can support ethanologenic growth, but requires greater protein synthesis cost to achieve reasonable growth rates.
To verify that the selective pressures on AdhB or AdhA expression reflected a role in ethanol synthesis and not an unanticipated activity, we also enriched the PA and PB libraries in an adhE + strain (RL3018 ; Table S1 ). E. coli AdhE catalyzes the same NADH-dependent acetaldehyde-to-ethanol conversion as AdhA and AdhB, and is thus expected to add to the activity of AdhA and AdhB in RL3018. 64, 65 Consistent with a pressure to minimize protein synthesis burden, we observed selection of weaker adhB and adhA RBSs in the adhE + RL3018 strain than in the adhE − RL3019 strain ( Figure S7 ). We conclude that the selections for high levels of AdhB and low levels of AdhA were indeed driven by the opposing requirements of catalytic properties vs costs of protein synthesis.
The preferential enrichment of AdhB vs AdhA in our experiments contrasts with some previous proposals that AdhB in Z. mobilis is primarily responsible for conversion of accumulated ethanol back into acetaldehyde. 44 To investigate which enzyme was present at higher levels during anaerobic growth of Z. mobilis, we performed anti-AdhB and anti-AdhA Western blot measurements of Z. mobilis lysates collected from midexponential phase cells growing under optimal conditions. Interestingly, AdhB also is the most prevalent enzyme expressed during Z. mobilis ethanologenic growth at ∼47,000 AdhB/cell vs ∼18,000 AdhA/cell ( (Figure 5C , E; S5A, C). Thus, we inferred that selective pressure was dominated by the consequences and synthesis costs of enzyme activity rather than a need to avoid operon polarity.
However, we noticed that E x values for promoters, pdc RBSs, and adhA RBSs were much higher in the ABP library than the PBA library (Figures 5A−C and E). We postulated that selective pressures differed for these two gene orders due to translational coupling of adhA to the highly expressed adhB in PBA, which could cause high AdhA levels irrespective of the adhA RBS ( Figure 5E ; Table 3 ). In contrast, placing adhA first in the ABP operon avoided its expression by translational coupling; thus, selection of a weak adhA RBS now led to little or no AdhA expression. High pdc expression was observed despite possible polar effects (undetectable AdhA vs 220,000 Pdc/cell; Table 3 ), possibly because the small size of adhA may have limited the potential for polarity to reduce downstream adhB and pdc expression in ABP.
Our results also demonstrate that highly expressed genes need not be placed early in synthetic bacterial operons to ensure optimum levels of expression and illustrate the importance of testing multiple operon configurations in OptSSeq to facilitate effective exploration of a maximal range of enzyme expression levels.
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pPB1 Enables Optimal E. coli Ethanologenesis with Pdc and AdhB Levels Comparable to Z. mobilis. One objective of OptSSeq is to identify optimal expression systems for enzymes in an engineered metabolic pathway. In our test case of Pdc and Adh for homoethanologenesis in E. coli, OptSSeq yielded this result in the form of the plasmid pPB1. Although it is possible that further enrichment steps, libraries with even stronger expression signals, or characterization of greater numbers of individual isolates from our enriched populations might yield an even better plasmid, it is clear that pPB1 greatly outperforms previous rationally designed plasmids such as pPBwt or pPBAsyn and is superior to plasmids that include adhA ( Figure 6A ). Further, pPB1 achieves these maximal ethanol synthesis and growth rates with much less enzyme than the pPB2 plasmid, which supports significantly lower rates of ethanologenesis and growth (∼170,000 vs ∼270,000 Pdc/cell, ∼29,000 vs ∼69,000 AdhB/cell, ∼13.3 vs ∼6.7 pmol EtOH s −1 μg −1 TCP, and ∼0.24 vs ∼0.21 h −1 ; Tables 2 and 3; Figure 6 ). The only difference between pPB1 and pPB2 is the presence of a consensus promoter (Promoter#1, Table S6 ) in pPB2 that gave 15-fold higher expression of an RFP reporter compared to the near-consensus promoter in pPB1 (Promoter#25 , Table S6 ; both plasmids contain the same Pdc and AdhB RBSs). Thus, the poorer performance of pPB2 is directly attributable to stronger transcription of the pdc-adhB. That pPB2 gave only ∼2-fold higher levels of Pdc and AdhB than pPB1 probably reflects competition for translation with cellular mRNAs.
11 This result suggests that Pdc and AdhB levels produced by pPB1 are near optimal. pPB1, with a stable, low-copy replicon and nearoptimal levels of Pdc and AdhB, may be a generally useful reagent for future studies of E. coli homoethanologenesis.
Interestingly, these optimal levels of Pdc and AdhB are relatively close to those observed in rapidly growing Z. mobilis. Although Z. mobilis grew ∼59% faster than RL3019 pPB1 and converted glucose to ethanol at more than five times the rate despite being cultured at a lower temperature (30°C vs 37°C for E. coli; Table 2 ), it contained ∼53% the amount of Pdc (∼1 vs ∼ 1.9 pmol Pdc μg 1 TCP or ∼110,000 vs ∼170,000 Pdc/cell because the Z. mobilis cells were ∼32% larger than the E. coli cells based on TCP) and ∼160% the amount of AdhB (∼420 vs ∼320 fmol AdhB μg −1 TCP or ∼47,000 vs ∼29,000 AdhB/cell; Table 3 and Figure 6A ). Thus, the trade-offs between protein synthesis costs, ethanologenesis, and growth rate appear to differ significantly in these two bacteria. This difference can be explained in part by exclusive use of Entner−Doudoroff glycolysis in Z. mobilis, 68 which is more thermodynamically favorable and uses lower amounts of total enzyme than Embden−Meyerhof−Parnas glycolysis used by E. coli. 69 Additionally, ATP production is uncoupled from growth in Z. mobilis.
70
E. coli Homoethanologenic Growth Rate Is Limited by Protein Synthesis Cost. Levels of Pdc and AdhB higher than those generated by pPB1 led to slower rather than faster rates of homoethanologenic E. coli growth (e.g., pPB2), suggesting that the cost of protein overexpression may become limiting at higher than pPB1 levels. This effect was also true for pPBA1, pPBA2, pABP1, and pABP2 ( Figure 6A ). To investigate this observation further, we used the metabolic cost−benefit model of Scott et al. 36 to explore the competition between Pdc and Adh overexpression and the growth rate-linked synthesis of ribosomal proteins. This model predicts the impact of protein overexpression on bacterial growth rate, and gave an upper bound to the rate of strain RL3019 growth as a function of total overexpressed enzyme (red line, Figure 6B ; Methods). Notably, plasmids yielding increasing amounts of Pdc and Adh below the upper bound exhibited increased growth rates (pPBwt, pBPAsyn, and pPB1), whereas the decreased growth rates of plasmids expressing higher levels of enzymes were consistent with the predicted limit based on protein synthesis cost ( Figure  6B ). Thus, the energetic costs of enzyme overexpression appears to limit the growth rate of E. coli at ∼0.25 h −1 , near that achieved by pPB1. The inability of E. coli to exceed this level or to approach that observed for Z. mobilis may reflect the differences in metabolic networks described above, but could also be explained in part by expression of the Z. mobilis enzymes in the nonnative environment of the E. coli cytoplasm. We cannot exclude the possibility that the heterologous environment causes suboptimal catalytic activity or folding of the Z. mobilis enzymes, for instance by disrupting proper cotranslational folding. Thus, future efforts to improve E. coli ethanologenesis rates could focus both on ensuring maximal catalytic efficiency of recombinant enzymes and on retailoring E. coli metabolism to increase glucose-to-pyruvate flux.
Conclusions and Prospects. OptSSeq enabled the identification of an optimal cassette for the expression of the homoethanologenesis pathway in E. coli and provided answers to several key questions about homoethanologenic growth that had not previously been resolved. Z. mobilis AdhB is preferred over Z. mobilis AdhA for homoethanologenic growth of E. coli. This preference also is true for Z. mobilis, in which higher levels of AdhB than AdhA are present during growth. For E. coli, optimal homoethanologenic growth was obtained at ∼170,000 Pdc/cell and a ratio of ∼1:5 AdhB:Pdc, with AdhA being dispensable for maximal growth rates. Although pPB1 achieved a growth rate near the limit imposed by the cost of enzyme overexpression, it is possible that higher AdhB:Pdc ratios (not accessed in our experiments due to a limited strength of our The unburdened ethanologenic growth rate of 0.38 h −1 was predicted by the modified iJR904 for RL3019 (Methods). (C) Identities of expression elements in PB1 and PB2. strongest adhB RBS) would enable marginally greater fluxes. Industrially relevant fermentation mostly occurs in stationary phase cells, 71 and it is possible that different levels of Pdc and AdhB, or the inclusion of AdhA, would support maximal glucose-to-ethanol flux in nongrowing cells relevant to industrial production. One strategy could be to drive expression of higher total enzyme levels at the OptSSeq-defined Pdc-AdhB or Pdc-AdhA ratios as a switch to arrest cell growth at optimal cell density for industrial production.
OptSSeq has proven to be an exceptionally powerful tool in this proof-of-principle study and can be expanded in several ways. The method is readily applicable to a wide range of end products whose production can be linked to cell growth. With appropriate genetic modifications, these end products may include important biofuel molecules such as butanol, 72 isobutanol, 73 isoprenes, 74 and potentially many other coproducts. 75, 76 The range of metabolites that can be optimized may be further expanded by linking metabolite-sensing transcription factors to transcription of antibiotic resistance genes.
27−29
Other applications could include ameliorating stress responses 77 and optimizing nutrient utilization pathways (e.g., nitrogen fixation or alternative carbon sources).
16,78,79 Additionally, multiplex emulsion PCR methods like TRACE 80 barcoding strategies such as CombiGEM, 81 or long-read strategies such as SMRT 82 and Nanopore sequencing 83 would enable extension of OptSSeq to determine the coselection of interdependent elements that would be especially useful when multiple optima exist. Coupling OptSSeq with dynamic metabolic pathway control 20, 21 would enable variation in the total levels of enzymes at optimized ratios in response to diverse conditions in which changes in the cellular state might dictate increases or decreases in expression cassette transcription. Our study provides an initial demonstration of the OptSSeq method and useful insights into ethanologenesis; the method's greatest utility will be realized by these future applications, adaptations, and extensions.
■ METHODS
Materials. DNA oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA). Synthetic double-stranded DNAs were obtained from GeneArt, Thermo-Fisher Scientific (Pittsburgh, PA). Enzymes for genetic manipulations were obtained from New England Biolabs (Ipswich, MA). Polyclonal rabbit antibodies specific to Pdc, AdhA, and AdhB were generated by ProteinTech (Rosemont, IL). Monoclonal mouse-anti-σ 70 antibody 2G10 was obtained from Neoclone (Madison, WI). Goat-antirabbit antibody coupled to Cy5 and goat-antimouse antibody coupled to Cy3 were obtained from GE Healthcare (Marlborough, MA). Kanamycin (Kn), gentamycin (Gn), spectinomycin (Sp), and other reagents were obtained from Sigma-Aldrich (St Louis, MO), Gold Biotechnology (St Louis, MO), or Thermo-Fisher Scientific, unless otherwise specified.
Bacterial Strains, Plasmids, and Genetic Manipulations. All strains used in this study were derivatives of E. coli K12 RL3000 (Table S1) ). To construct RL3018 and RL3019, P1 transductions of relevant Keio collection 46 strain lysates were used to replace relevant genes with a FLP site flanked aphA(Kn R ) as described previously. 89 Yeast Flp recombinase was used to excise aphA through methods previously described. 90 pPBwt (also called pJGG2) 91 was previously constructed by cloning a section of pLOI295 35 containing pdc and adhB into pBBR1MCS-5(Gn R ). 48 To construct pPBAsyn, we assembled the pBBR1MCS-5 replicon and mob region with synthetic DNAs (GeneArt) encoding the anaerobically induced ydf Z promoter 50, 51 and the stationary-phase induced dps100 promoter, 49 codon-optimized (with E. coli codon frequencies)
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Z. mobilis pdc, adhB, and adhA ORFs with native RBSs, an EvoGlow 92 fluorescence reporter, and aphA(Kn R ). The plasmid pRH52 was derived from pBBR1MCS-5, 48 by replacing aacC1(Gn R ) with aadA1(Sp R ) from Tn21 93 and inserting synthetic DNA encoding an E. coli-codon-optimized lacI q followed by the strong B. subtilis glnA terminator 94 and a designed lacOid-P trc -lacO-lacZ′α promoter segment 95, 96 upstream from "superfolder" gf p 97 and a phage P22 terminator. 98 We constructed pRS002 (Table S1 ) by Gibson assembling a DNA fragment containing a MCS (which contains an EcoRV site), P22 terminator, pBBR ori, and aadA1(Sp R ) from pRH52 with a second fragment containing the B. subtilis glnA terminator. pRS002 has the Bsu glnA terminator upstream and the P22 terminator downstream of the EcoRV site. To generate the combinatorial plasmid libraries, we first digested pRS002 with EcoRV to linearize the plasmid, and then Gibson assembled this linearized plasmid with DNA fragments containing the promoter and RBS libraries and the codonoptimized pdc, adhB, and adhA from pPBAsyn (see the Design and Construction of Ethanologenic Gene Cassette Libraries section). To construct pING1001 (Table S1 ), we Gibson assembled six fragments. Fragment one contained the pBBR ori and aadA1(Sp R ) from pRH52, fragment two was a synthetic DNA segment encoding the promoter P T7A1 , 99 fragment three contained "superfolder" gf p and the P22 terminator from pRH52, fragment four contained the Bsu glnA terminator from pRH52, fragment five contained a synthetic DNA segment encoding promoter # 1 (Table S4) , and fragment six contained rf p 100 and the rrnBT1 terminator 101 from pGR-BBA_B0010. 102 Complete sequences of pPBwt (KX573870), pPBAsyn (KX573871), pRH52 (KX573872), pRS002 (KX573873), pING1001 (KX573874), pPB1 (KX573875), pPA1 (KX573876), pPBA1 (KX573877), pABP1 (KX573878) are available from Genbank, and the plasmids will deposited with AddGene. Design and Construction of Ethanologenic Gene Cassette Libraries. We designed RBS libraries encoding a wide range of predicted translational initiation rates (TIRs ;  Table S3 ) using the "RBS Calculator" (www.denovodna.com/ software). 30 To generate RBS-ORF DNA fragments, we PCRamplified pdc, adhB, or adhA from pPBAsyn using primers containing 5′ overhangs with degenerate sequences encoding the RBS libraries. We designed a library of promoters with degeneracies at key positions of the a consensus promoter 5′-gctggacctc-YTKAYA-attaatcatccggctcg-BATAAT-GBG-tggAattg (upper case −35, −10, discriminator, and transcription start site'; Table S4 ) 31, 52, 53, 60, 103 and PCR amplified it from Gibson assembled overlapping 60mers generated using "DNAWorks" (http://helixweb.nih.gov/dnaworks/). 54 These fragments with appropriate 40-bp overlaps were designed using "NEBuilder" (http://nebuilder.neb.com; Table S2 ) and were Gibsonassembled with the pRS002 backbone [low-copy pBBR1 ori and aadA1(Sp R ); Table S1 ] to generate the pPB, pPA, pPBA, and pABP libraries.
PCR was performed using NEB Q5 polymerase and annealing temperatures were calculated using the NEB "T m Calculator" (http://tmcalculator.neb.com/). PCR-generated fragments were electrophoresed on agarose gels (Lonza; 1%, 1.5%, or 3% agarose in 90 mM Tris-Borate 2.5 mM EDTA), excised, and purified using "QIAquick" gel extraction reagents (Qiagen).
Gibson assembly reactions were performed using "Hi-Fi" reagents (NEB) in 20 μL final reaction volume for 4 h at 50°C using backbone (0.25 pmol) and inserts (1.25 pmol total DNA). Prior to Gibson assembly, DNAs were coprecipitated with spermine, 104 equilibrated with Mg
2+
, washed, dried, and dissolved in 10 μL of H 2 O. Assembled DNAs were phenolchloroform extracted, ethanol-precipitated, and dissolved in 5 μL of H 2 O prior to electroporation into "ElectroMAX" DH10B electrocompetent cells (50 μL; Thermo-Fisher). After recovery for 1 h in 1 mL of SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl 2 , 10 mM MgSO 4 , and 20 mM glucose), a sample (1 μL) was removed and used to assay transformation efficiency and to test whether individual colonies contained correctly assembled plasmids. The remaining cells were diluted into 1 L LB + 100 μg Sp/mL (LB-Sp) and grown at 37°C for 6 h before recovery of the plasmid DNA libraries using "Midiprep" reagents (Promega). We verified the plasmid libraries by restriction digestion and by sequencing the promoter and RBS regions, including junctions to adjacent DNA, of individual isolates. We also verified the same regions in the entire library populations by HTS.
Growth Enrichments. RL3018 and RL3019 were transformed with saturating quantities of plasmid library DNA (5 μg DNA per 50 μL of concentrated cells) by electroporation. 105, 106 To verify that the number of transformants exceeded the theoretical diversity of the plasmid libraries, we plated 1 μL out of the 1 mL recovered cells on LB-Sp plates, and then grew the remaining cells aerobically by diluting into 1 L LB-Sp for 12 h at 37°C. We then recovered the cells by centrifugation (5 min, 4000g, 4°C), washed the cells twice with 50 mL MMG-1, resuspended in 50 mL of MMG containing 16% v/v glycerol, and stored the cell suspensions at −80°C in 1 mL aliquots.
To enrich for superior strains, we first recovered cells from 1 mL of thawed suspension by centrifugation (4000g, 4°C, 5 min), resuspended the cells in 1 mL of MMG-2% glucose, and incubated anaerobically for 6 h at 37°C with no shaking. The cells were then diluted to an apparent OD 600 of 0.05 in 50 mL of MMG-1% glucose and grown at 37°C anaerobically with gentle stirring to an apparent OD 600 of ∼0.5. Cells where then rediluted to an apparent OD 600 of 0.05 and the growth enrichment repeated two more times. At the end of each enrichment, we assayed culture media for glucose consumed and ethanol produced, and collected cells (25 mL) by centrifugation (4,000g, 4°C, 5 min) for plasmid extraction and HTS.
HT-Seq of Libraries and Bioinformatic Analyses. We amplified sections of plasmids possessing promoters and pdc, adhB, and adhA RBSs using primers designed with 5′ adapter sequences (Table S2 ; Figure S3 ) and PCR with Q5 polymerase (NEB). Barcode indexes and stem sections that would permit fragments to bind to flow cells during HT-sequencing were added through a second round of PCR (Table S2 ; Figure S3 ). Each plasmid library was amplified with a unique index sequence to enable demultiplexing after sequencing. To report rates of read contamination, we designed plasmids with unique sequences at pdc, adhB, and adhA RBS loci (Table S1 ) and assigned a unique index sequence to amplify segments of control plasmids. Prior to sequencing, we pooled fragments equimolarly and then purified and concentrated them using "QIAquick" PCR purification reagents (Qiagen). DNAs were sequenced at the University of Wisconsin Biotechnology Center DNA sequencing facility using the Illumina "MiSeq" instrument to yield 8.1 × 10 6 usable ∼250 bp reads across all samples (on average 1.6 × 10 5 reads per sample; 51 samples). We sorted reads from different samples by their indexes and then filtered the reads based on phred scores (>19) and homology of constant regions flanking variable regions (>90% homology with expected sequences). Raw reads sorted by indices are available at NCBI SRA (SRP079227). We then counted read occurrences of each of the 72 promoter variants, 12 pdc RBS variants, 16 adhB RBS variants, and 12 adhA RBS variants within individual samples. To estimate contaminant read frequencies, we counted control/unique sequences in sample libraries and RBS sequences tagged with the control index and found the frequencies to be acceptably low (<100 contaminant reads per million reads). We normalized variant counts for each passage by normalizing them to variant counts in the untransformed library (thus assuming the untransformed library was a completely uniform distribution). To calculate normalized fractional representations of each of the variants of the different sequence elements (i.e., promoters, pdc, adhB, adhA RBSs), we divided normalized counts of the individual variants with the sum of normalized counts for each variant (e.g., Promoter#1, Passage 2 Fractional Representation = Counts Promoter#1 /Counts AllPromoters ).
Characterization of Growth and Fermentation. Anaerobic E. coli growth rates were determined in triplicate in MMG-1 in a controlled atmosphere chamber (93% N 2 , 5% CO 2 , 2% H 2 ; Coy Laboratory Products) at 37°C. Z. mobilis was grown similarly using Zymomonas minimal medium 107 with 2% glucose at 30°C. To measure growth rates, we monitored cell density at ∼600 nm in 200 μL cultures measured at ten min intervals in a Tecan M200 plate reader. To analyze end products, we periodically sampled 50 mL of stirred cultures growing anaerobically and measured lactate, acetate, formate, succinate, pyruvate, ethanol, and glucose levels in the culture medium, as described previously. 108 Measurements of Total Cellular Protein. Cell samples were lysed by resuspending cells from 25 mL of apparent OD 600 0.1 cultures in 250 μL of 100 mM Tris-Cl pH 6.8, adding an equal volume of either 5% SDS (for protein level measurements) or 5% SDS, 25 mM β-mercaptoethanol, and 50% (w/v) glycerol (for Western blot measurements), and heating at 95°C for 15 min with periodic vortexing. Cell debris was removed by centrifugation (21000g, 4°C, 10 min). Total cellular protein was measured using BCA assay reagents (Pierce) and comparison to a BSA calibration curve fitted to a quadratic equation. To ensure robustness of measurements, we also determined protein concentrations using "Qubit" protein assay reagents (Thermo-Fisher) and found excellent agreement between the BCA and Qubit results.
Protein Quantitation by Western Blot. To assess concentrations of individual proteins in cells by quantative Western blotting, protein lysates were first electrophoresed in triplicate through 4−12% polyacrylamide "NuPAGE" gels containing SDS and Bis-Tris buffer and MOPS running buffer (Thermo-Fisher) and then transferred to "HyBond LFP" poly vinylidene-difluoride membranes (GE Healthcare) using a tank transfer system (Biorad). The membranes were blocked with 3% nonfat powdered milk, probed with 1:1000 diluted polyclonal rabbit antibodies specific to Pdc, AdhA, and AdhB (ProteinTech) or with 1:1000 diluted 2G10 monoclonal mouse-anti-σ 70 antibody (Neoclone), and further treated with 1:2500 diluted "ECL Plex" goat-antirabbit antibody coupled to Cy5 or goat-antimouse-Cy3 (GE Healthcare). Fluorescence signals were visualized and quantified using a Typhoon FLA 9600 imager (GE Healthcare; Figure S9 ). To generate calibration curves, known quantities of purified N-terminally (His) 10 -tagged Pdc, AdhB, AdhA, or σ 70 were mixed with equal amounts of total RL3000 lysate ( Figure S9) . 61 We determined the intracellular protein concentrations of fluorescence signals to the signals from the His-tagged protein standards fit to a nonlinear equation: y = y 0 − A*(1 − e −kx )/k. Measurements of intracellular σ 70 levels (Table S9 ) were compared to measurements made by Grigorova et al. 61 and used to validate the total cell protein concentrations in cell lysates and the strategy of Western blotting.
Measurments of Promoter Strength. To measure promoter strength, we designed a dual fluorescent reporter plasmid that expressed "superfolder" GFP 97 from a control promoter (P T7A1 ) 99 and RFP 100 from a series of test promoters (e.g., pING1001 encoded promoter #1; Table S1 ). Both fluorescent reporters were translated from strong RBSs (TIR ∼ 50,000). 30 Gene rf p was placed downstream of gf p, and two strong terminators (B. subtilis glnA terminator 94 and phage P22 terminator 98 ) were placed in between them to avoid readthrough transcription of rf p. E. coli DH10B strains transformed with pING1001, or derivatives were used to measure GFP (excitation 485 nm; emission 511 nm) and RFP (excitation 557 nm; emission 590 nm) in 200 μL cultures at 10 min intervals in a Tecan M1000 plate reader. Promoter strengths were calculated as the ratio of the rates of increase in RFP/cell to GFP/cell and were normalized such that the strongest Promoter#1 had a strength of 100 arbitrary units (the same numerical value assigned to the predicted RNAP·σ 70 -binding strength for Promoter#1; Tables S4, S6) .
In-Silico Flux Balance Analysis of Ethanologenic Strains. We used the iJR904 45 genome-scale metabolic model of E. coli to calculate metabolic fluxes. To include genetic deletions, the following reactions were constrained to zero: "acetyl-phosphate + ADP ↔ acetate + ATP" (ΔadhA), "pyruvate + NADH + H + ↔ D-lactate + NAD + " (ΔldhA), "acetyl-CoA + 2H + + 2NADH ↔ ethanol + CoA + 2NAD" (ΔadhE). Additional catalytic activities representing Z. mobilis Pdc, AdhA, and AdhB were added (Pdc: pyruvate ↔ CO 2 + acetaldehyde; AdhA/AdhB: acetaldehyde + H + + NADH ↔ ethanol + NAD + ). To ensure redox balance in the model, the f rdA knockout was represented as an upper bound of 0.3 pmol s −1 μg −1 TCP on the reaction "Intracellular Succinate → Extracellular Succinate" and the secretion of excess alanine and valine was disallowed by constraining the following reactions to zero: "Intracellular L-valine → Extracellular L-valine", "Intracellular L-alanine → Extracellular L-alanine", "Intracellular Dalanine → Extracellular D-alanine". The simulations were performed in GAMS (GAMS Software GmbH) using the CPLEX solver. To generate the curve in Figure 6A , we maximized the biomass objective function for different ethanol production rates and unconstrained glucose uptake rates. To predict the maximal growth rate of homoethanologenic E. coli, we measured the growth rate of RL3000 under anaerobic conditions (0.52 ± 0.04 h −1 ), and deduced the maximal rate of glucose intake (20 pmol s −1 μg −1 TCP) using the unmodified iJR904 model. We then calculated the maximal growth rate of ethanologenic E. coli to be 0.38 h −1 . 70 Binding Strengths. To calculate the consensus similarity scores (CSSs) of promoters, the information content of each of the variant bases was calculated from the set of promoters identified by Oliphant et al. 53 The information content for each position in each enrichment was then summed to give the unnormalized CSS and then normalized such that the consensus sequence (−35: TTGACA, −10: TATAAT, discriminator GGG) 52, 103 has a CSS of 1 (Table S4) . Promoter-RNAP·σ 70 binding strengths were calculated using the thermodynamic method of Brewster et al., 31 and then normalized such that the strongest binding promoter had a binding strength of 100 (Table S4) .
Calculation of Promoter Consensus Similarity Scores and RNAP·σ
Calculation of Degrees of Enrichment (E x ). Degrees of enrichment (E x ) were calculated from deviations of the distributions of expression element sequences (RBSs and promoters) from an expectation of a uniform distribution, after normalization to correct for nonuniformity resulting from synthesis, transformation, and PCR biases (see above). E x was calculated as
where n is the number of expression element variants in a library, x i is the fractional representation of each variant i (i ranges from 1 to n), and x ̅ is the normalized fractional representation of each sequence variant in a completely uniformly distributed population. E x is equivalent to a function of the chi-square, χ 2 , for the distribution, calculated as
where N is the total number of read counts for that library.
Model for Cost of Synthesizing Ethanologenic Enzymes. To calculate the cost of synthesizing Pdc and Adh, we used the empirical model of Scott et al. 5 for the competition between synthesis rates of ribosomal proteins, which are directly related to growth rate, and recombinant protein overproduction. Specifically, Scott et al. 5 calculated the cellular growth rate (λ) from the unburdened growth rate in the absence of exogenous enzymes (λ 0 ) and the mass fraction of total cell protein contributed by exogenous enzymes (φ p ) as λ = λ 0 (1 − φ p /φ c ), where φ c = 0.44 for E. coli grown in minimal medium. Using our estimate for λ 0 of 0.38 h −1 for RL3019 + Pdc + Adh based on predictions from iJR904 (see above) and the Scott et al. model, we calculated the maximum possible rate of E. coli growth as a function of Pdc-Adh levels (red line, Figure 6B ).
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End product predictions and measurements for homoethanologens Figure S2 Average growth rates of libraries obtained at the end of each passage of growth enrichment Figure S2 for growth rates of each of the library passages. Table S2 . All amplicons have identical 5′ and 3′ adapters encoded in primers. (E) PCR based attachment of 5' and 3' Illumina stem sequences and 5' multiplexing barcode sequences to amplicons. Prim-ers used to attach these stem and barcode sequences are provided in Table S2 . . 'Plasmid library' refers to sequences present in plasmid pool prior to transformation into RL3019. Increasingly dark shades of blue corresponding to increasingly large fractional representation of a particular sequence in the library from 0% (white) to 50% (dark blue); magenta, >50% fractional representation. Asterisks (*) indicate the promoter sequences present in isolates chosen for further characterization. (B) Sequence logo repre-sentation, consensus similarity score, E promoter , and average promoter-RNAP binding strength for promoters present after the third passage of growth enrichment. Figure S7 . Selection of adhB and adhA RBSs in ∆adhE and adhE + strains. The fractional representation of adhB or adhA RBS sequences ordered from strongest (top) to weakest (bottom) are shown using a color scale of 0% (white) to 50% (dark blue) and >50% fractional (magenta) fractional representation. RBS sequences were obtained after 3 steps of growth enrichment of the of PB and PA libraries in RL3019 (∆adhE) or RL3018 (adhE + ). 3.5 ± 1.0 2.4 ± 0.7 1.9 ± 0.7 1.8 ± 0.6 2.3 ± 0.7 2.1 ± 0.7 2.2 ± 0.7 1.8 ± 0.6 1.9 ± 0.7 1.9 ± 0.6 1.8 ± 0.4 2.9 ± 0.7 1. Figure S10 . Aggregate protein levels in E. coli strains containing the ethanologenic plasmids before and after optimization (including σ 70 levels) compared to levels produced by Z. mobilis. Pdc (cyan), AdhB (blue), AdhA (purple), σ 70 (red). Colored error bars are the standard deviations in levels of each enzyme from triplicate measure-ments. The light grey error bar is the total error for the sum of the ethanologenic enzymes (Pdc, AdhB, and AdhA). 
